Reference point indentation (RPI) was developed as a novel method to assess mechanical properties of bone in vivo, yet it remains unclear what aspects of bone dictate changes/differences in RPI-based parameters. The main RPI parameter, indentation distance increase (IDI), has been proposed to be inversely related to the ability of bone to form/tolerate damage. The goal of this work was to explore the relationship between RPI parameters and traditional mechanical properties under varying experimental conditions (drying and ashing bones to increase brittleness, demineralizing bones and soaking in raloxifene to decrease brittleness). Beams were machined from cadaveric bone, pre-tested with RPI, subjected to experimental manipulation, post-tested with RPI, and then subjected to four-point bending to failure. Drying and ashing significantly reduced RPI's IDI, as well as ultimate load (UL), and energy absorption measured from bending tests. Demineralization increased IDI with minimal change to bending properties. Ex vivo soaking in raloxifene had no effect on IDI but tended to enhance post-yield behavior at the structural level. These data challenge the paradigm of an inverse relationship between IDI and bone toughness, both through correlation analyses and in the individual experiments where divergent patterns of altered IDI and mechanical properties were noted. Based on these results, we conclude that RPI measurements alone, as compared to bending tests, are insufficient to reach conclusions regarding mechanical properties of bone. This proves problematic for the potential clinical use of RPI measurements in determining fracture risk for a single patient, as it is not currently clear that there is an IDI, or even a trend of IDI, that can determine clinically relevant changes in tissue properties that may contribute to whole bone fracture resistance.
Introduction
Assessment of bone mechanical properties is an essential part of determining skeletal fracture resistance. While a number of techniques exist to measure bone mechanical properties in preclinical studies [1] , clinical assessment of bone fracture resistance/ mechanical properties presents challenges. Reference point indentation (RPI) was developed as a novel method to assess mechanical properties of bone in vivo [2, 3] . This technique has been utilized in both patients (for review see [4] ) and in several pre-clinical models [5] [6] [7] , as well as multiple ex vivo studies [8] [9] [10] [11] [12] and has demonstrated the ability to separate disparate group means across varying conditions. However, it remains unclear what mechanical and/or morphological aspects of bone dictate changes/differences in RPI-based parameters.
Initial studies with BioDent, the early generation RPI device, documented an inverse relationship between bone toughness (either from fracture toughness tests or estimated from bending tests) and indentation distance increase (IDI), one of the main RPI variables [11, 13, 14] Based on traditional mechanical tests, lower fracture toughness is indicative of a material in which cracks propagate more easily [15] [16] [17] [18] and thus a high IDI has been suggested to represent a scenario where cracks more easily propagate with the subsequent cyclic loading of the probe apparatus. Surprisingly little RPI data exist for conditions that have known effects on material properties of bone.
The goal of this work was to explore the relationship between RPI parameters and traditional mechanical properties under varying experimental conditions. Specifically, we chose interventions expected to embrittle (dehydration and ashing) and toughen (demineralization and raloxifene) the tissue. Our working hypothesis was that conditions exist in which RPI variables and toughness, as estimated by bending tests, were not inversely related.
Methods
All experiments utilized prismatic beams machined from cadaveric bone. Fresh-frozen long bones (femora) were collected from four cadavers (3 male & 1 female aged 76-85) donated through the Indiana University body donation program. Bones were processed, by low speed saw (Buehler) and milling (Sherline) under constant irrigation, to final dimensions of ~35 mm x ~5 mm x ~2 mm. Bones were then distributed to two different experiments.
Reference Point Indentation (RPI)
The surface tissue mechanical properties of the rectangular beams were assessed using Reference Point Indentation or RPI (Biodent Hfc, Active Life Scientific, Santa Barbara, CA). Each RPI measurement was performed as a series of 10 testing cycles at 10 N and 2 Hz. Although several different test settings have been used in the literature, these parameters generally matched those previously published. From the resulting force-displacement curves, we used a custom MATLAB program to calculate the total indentation distance (TID) and the indentation distance increase (IDI), as described previously [5] [6] [7] . These parameters were chosen as the focus as they are the most prominently discussed parameters in the RPI literature. When multiple tests were done in a certain location (pre or post intervention), each test was performed at least a millimeter away from all the other tests to avoid the overlap of damage fields generated by testing. The data within each location was averaged to get a single representative value. For all experiments where interventions were used, pre-intervention tests were done at one end while post-interventions tests were done on the opposite ends. All RPI tests were done outside of the bending support fixtures so as to not interfere with the bending tests.
Experiment 1: Variation in RPI measures-Beams (n=6) were tested along the length of each specimen at five locations (~ 6mm apart). Three RPI measurements, each a series of 10 testing cycles at 10 N and 2 Hz, were conducted at each location. Means and standard deviation were calculated to evaluate the variability of RPI tests across the length of the beam. This experiment was necessary to determine if our setup for experiment two was valid (i.e. properties are assumed to be uniform across the beams).
Experiment 2: Effects of material manipulations on RPI and 4 point bending
properties-Beams were subjected to 6 RPI measurements at one end ( Figure 1) . The beams were then subjected to one of the following manipulations:
1. Dried in oven at 160°C for one hour (n=12) or 800°C for 24 hours (n=12) in order to remove water [19] or water plus all organic material.
2.
Placed in 14% EDTA buffered to pH 7.4 on a rocker at room temperature for 8 (n=12) or 24 hours (n=12).
3.
Soaked in PBS-raloxifene solution (2 μM dissolved in DMSO with 1% penicillinstreptomycin) at 37°C for 14 days (n=6) [20] . A separate set of controls (n=8) that were soaked in control solution (PBS-DMSO) were used for comparison of this intervention.
Control beams in which no intervention was used (n=8).
Following each intervention, RPI measurements were made on the opposite side of each of the beams (n=6 indents). The beams were then tested to failure under four-point bending.
Four-point bending
Structural mechanical properties of the beams were determined by four-point bending. The surface was placed on two lower supports with a span length of 12 mm and an upper span length of 4 mm. Specimens were loaded to failure at a rate of 2 mm/min, producing a forcedisplacement curve for each sample. Structural mechanical properties were obtained directly from these curves, whereas apparent material properties were derived from the forcedisplacement curves, cross-sectional moments of inertia, and the distances from the centroid to the tensile surface using standard beam-bending equations for four-point bending [1] incorporated in a custom MATLAB program.
Statistics
All analyses were performed using the Statistics Toolbox in MATLAB software. A one-way ANOVA was utilized to compare the different locations in experiment one. Paired Student ttests were utilized to compare RPI measurements before and after interventions.
Comparisons of mechanical testing data between groups were made with unpaired Student's t-tests within the individual experiments. The bivariate relationship between IDI and toughness data was evaluated using the Pearson's product-moment correlation algorithm. A priori α-levels were set at 0.05 to determine significance.
Results

Variation of RPI measurements along the length of a beam
Our main experimental design utilized pre/post measures on beams that were subjected to varying interventions. To assist in our interpretation, we wanted to understand the variability in properties across the length of the prismatic beam specimen. There was no significant difference in IDI or TID among the five locations (Table 1 and supplementary table 1 ). More specific analysis between the two sites tested pre-and post-intervention in experiment 2 also showed no significant difference among properties.
Effects of interventions on RPI and traditional mechanical properties
Removal of bone water (drying) or water plus organic material (ashing) caused a significant reduction in both IDI and TID compared to baseline measures (Table 2 ). Both interventions also showed significantly lower mechanical properties, most notably post-yield properties, compared to control beams (Tables 2, 3 and Figure 2 ).
Demineralization, both for 8hrs and 24hrs, resulted in increased IDI and TID compared to baseline measures (Table 4) . Mechanical testing of the demineralized beams showed no significant change in toughness for either treatment relative to control beams (Table 3 and Figure 2 ).
Soaking in raloxifene resulted in no difference in RPI measures between RAL and control tissue (no pre-soaking RPI measures were made on these beams) ( Table 5 ). Toughness of RAL-soaked beams was non-significantly higher compared to controls (p=0.3777) ( Table 3) .
Across the drying and demineralization experiments, there was a significant positive linear correlation between IDI and toughness of all beams (r = 0.5840, p<0.001). When ashed beams were excluded -the relationship was no longer significant (r = 0.2174, p=0.196). (Figure 3 ).
Discussion
Over the past decade, a significant amount of work has gone into understanding reference point indentation. The technique shows promise, given its ability in numerous studies to differentiate either clinical populations (see review [4] ) or preclinical interventions [5] . One limitation to more widespread acceptance is that questions exist concerning what the parameters generated by RPI mean in the context of traditional mechanical properties. To this end, several studies have worked to compare RPI to both bending tests and fracture toughness tests. These studies have shown that RPI parameters (mainly IDI and TID) are either inversely related [10, 11, 13, 14, 21] or not related [11, 22] to traditional mechanical variables. Despite these studies being well designed and conducted, no study to date has investigated how manipulation of the tissue, in ways that have known effects on traditional mechanical properties, affects RPI outcomes. The current study fills this void and provides clear data showing that traditional mechanical properties and RPI parameters can be differentially changed in various conditions and that the relationship between the two testing methods is complex.
Indentation distance increase (IDI) has previously been shown to correlate inversely with mechanical properties, namely toughness, by both our group and others. The explanation suggested is that when tissue is more brittle (less tough) it is easier to propagate damage generated during RPI testing. In the current study, we used drying and ashing of bone, two techniques known to embrittle the tissue and for which we clearly showed reductions in toughness with bending tests. The expectation was that this would increase IDI and TID. Interestingly, the effects on RPI properties were opposite of what the above explanation would predict as both IDI and TID were reduced. These results also differ from those of earlier work with dryed bone [2] , although that study used an early generation device, bovine bone (which is typically plexiform instead of osteonal) and tested the bones submerged thus at least partially offsetting the effects of drying. We hypothesize that this observation is related to the inability of the system to generate enough force to generate damage in the tissue. Although we acknowledge that the ashing group is an extreme example of altered tissue properties that is non-physiological, changes in bone hydration are known to occur in vivo [23, 24] and thus could be relevant to clinical/experimental conditions.
Our second experimental condition utilized demineralization to alter tissue properties with the expectation that RPI properties would be reduced. Using a low concentration of EDTA for times sufficient to primarily alter surface properties, we were able to produce modest alterations to post-yield properties of whole bone mechanical tests. Yet because the predominant region affected by the demineralization was the surface, we saw significant increases in RPI properties. As noted above, the physiological relevance of this demineralization is not directly clear but we propose that this could be the type of response one would see if RPI was applied to a bone surface that was actively forming and therefore consists of osteoid/low mineralized bone.
Finally, we studied bone that was soaked in raloxifene. Our group has shown that raloxifene modulates hydration (positively) when cortical bone beams are exposed in vitro [20] . In the current work, we reproduce these data (although the difference was not statistically significant), thus resulting in tissue that would be less likely to be damaged (suggesting reduced IDI and TID). Yet RPI results showed no difference from pre-tests. These data are interesting given our recent work showing that raloxifene increases bone hydration in vivo [25] and reduces IDI in vivo [5] . Although these data were collected in two separate cohorts of animals, we hypothesized the results were linked. These new controlled in vitro tests (current study) suggest that our interpretation of the in vivo RPI results was oversimplified and could possibly be due to some other aspect, perhaps alterations in surface mineralization or other properties.
A key aspect of the experiments described herein is that we show an opposite relationship between IDI and traditional mechanical properties as compared to other recent studies.
Whereas the previous work suggests that a decrease in IDI indicates an increase in material toughness, this work shows that a material with lower toughness can have a lower IDI. These data highlight the already prevalent idea that RPI measurements are complex with respect to translating to traditional mechanical properties and that we still do not understand the tissuelevel properties that affect RPI values [4] . It has been hypothesized that increased bone fragility translates to a higher IDI. This current study shows that bone fragility is not the only factor that can dictate results of RPI measurements and that a high IDI can exist in the context of bone with normal mechanical properties. This proves problematic for the potential clinical use of RPI measurements in determining fracture risk for a single patient as it remains unclear if it can determine clinically relevant changes in tissue properties that may contribute to whole bone fracture resistance. Whether or not further work will show clear trends in specific disease states, or if pairing RPI measurements with other tests (i.e. imaging) will improve RPI measurement interpretation is yet unclear.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Summary of experimental results for indentation distance increase (IDI), ultimate load (UL) and energy absorption. IDI displayed as percent change from pre to post-treatment. UL and Energy are displayed as percent change from four-point bending data in appropriate control group.
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